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A B S T R A C T
In this study, the inﬂuence of device architecture (regular versus inverted) and different interlayers on
performance and lifetime of polymer-nanocrystal hybrid solar cells is explored. The absorber layers of the
investigated solar cells consist of the low band gap conjugated polymer poly[[9-(1-octylnonyl)-9H-
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) and
copper indium sulﬁde (CIS) nanocrystals. These are prepared directly in the polymer matrix via an in situ
approach using copper and indium xanthates, which are converted to CIS nanocrystals by mild thermal
annealing. Different interlayers – poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:
PSS) and inorganic metal oxides (V2O5, MoO3) – are used as hole extraction layers between absorber and
anode. All three layers were successfully applied in solar cells in regular architecture. Using an inverted
device design, a PEDOT:PSS interlayer and Ag electrodes, open circuit voltages of 550 mV could be
obtained, which are comparable to values obtained with solar cells having easily oxidizing low work
function metal electrodes. However, inverted solar cells with a V2O5 hole extraction layer could not be
obtained due to possible incompatibility of the V2O5 coating process with the underlying absorber layer.
In the case of MoO3 interlayers, the introduction of additional layers led to working inverted solar cells.
ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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The conversion of light directly into electrical energy is one
elegant solution to sustainably support covering the energy
demand of the world, today and for future generations. Intense
research works have brought interesting and quite diverse
concepts into life how semiconductor materials and materials
combinations are used to transform solar energy. In this context,
nanocrystal-conjugated polymer hybrid solar cells – also called
nanocomposite solar cells – are one of these new approaches,
combining advantages of polymer based solar cells, e.g. use of roll-
to-roll production processes, low processing temperatures, and
thus the possibility to fabricate ﬂexible and light weight solar cell
foils, with those of inorganic nanocrystals, which have size-tunable
optical and electronic properties.* Corresponding author.
E-mail addresses: thomas.rath@tugraz.at (T. Rath), gregor.trimmel@tugraz.at
(G. Trimmel).
http://dx.doi.org/10.1016/j.synthmet.2016.04.003
0379-6779/ã 2016 The Authors. Published by Elsevier B.V. This is an open access articAlthough this approach is somehow hidden by the success of
polymer-fullerene [1] and, recently, perovskite solar cells [2],
continuous research work during the last years has augmented the
understanding in synthesis, characterization and device assembly
of hybrid solar cells, already summarized in various recent reviews,
e.g. [3–12]. Upon the vast number of possible combinations of
inorganic semiconductors and organic conjugated polymers, the
most efﬁcient solar cells have been obtained with Pb(S,Se)
nanoparticles exhibiting a power conversion efﬁciency (PCE) of
5.5 % [13]. Examples for other promising systems are based on
nanocrystals of CdS [14,15], CdSe [16–18], CdTe [19,20], Sb2S3 [21],
ZnO [22], or CuInS2 (CIS) [23,24] in combination with different
conjugated polymers.
The to date obtained record efﬁciency is a very promising result
considering the effect of the relatively low amount of work
undertaken so far and that there are not many materials systems
with more than 10 papers published comparing for example to the
several thousand articles on P3HT-PCBM solar cells [25].
Regarding the synthesis of inorganic-organic hybrid solar cells,
an in situ preparation route based on the thermal decomposition ofle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
116 S. Dunst et al. / Synthetic Metals 222 (2016) 115–123metal xanthates directly in the matrix of the conjugated polymer
has been introduced by us for the preparation of copper indium
sulﬁde (CIS)-polymer solar cells and by S. A. Haque for CdS-
polymer systems, see also Fig. 1. This approach leads directly to a
clean, ligand free nanocomposite layer, with PCEs reaching 2.2% for
CdS [15] and 2.8% for CIS nanocrystals [24] in combination with
P3HT and a low band gap polymer, respectively.
Because of the low conversion temperature, this versatile
method can be applied for the preparation of nanocrystals in
matrices of conjugated low band gap polymers [15,24] as well as
small molecules [26], for the preparation of tandem solar cells [27]
and recently by lowering the conversion temperature to 160 C by
adding a chemical additive, also for the preparation of ﬂexible
nanocomposite solar cells [28]. The formed copper indium sulﬁde
nanoparticles have a size of 3–5 nm and form a well distributed
network in the polymer matrix. Depending on the nanoparticle
concentration in the polymer matrix, they also tend to agglomerate
partly [24,28–30].
Comparing the two main in situ prepared hybrid material
combinations investigated up to now – CdS-polymer and CuInS2-
polymer – it is noticeable that in the CdS-system, solar cells were
fabricated in the so called inverted architecture, whereas in the
CuInS2-systems only the regular architecture was applied. Both
device architectures are also represented in the scheme in Fig. 1. In
the regular structure, the indium tin oxide electrode acts as anode
whereas a low work function metal is used as cathode (e.g. Al, Ca/
Al). Although usually also starting the device preparation from an
ITO electrode, in the inverted architecture, cathode and anode are
converse by the implementation of a hole blocking layer between
the ITO and the active layer, such as e.g. TiOxor ZnO, and an electron
blocking layer such as PEDOT:PSS between the active layer and e.g.
a silver electrode. Based on the experience from polymer-PCBM
solar cells, the inverted solar cell architecture seems to be more
robust and stable especially for encapsulated devices under
permanent illumination [31] due to the possibility to avoid low
work function electrodes. Nevertheless, using the regular archi-
tecture and silver electrodes, a remarkable long-term stability ofFig. 1. Schematic illustration of the regular and inverted device architectures and the i
nanocrystals directly in polymer matrices.several 1000 h for glass-glass-encapsulated CIS-polymer solar cells
has been observed [32]. Furthermore, the introduction of a thin Ti
or TiOx layer between the active layer and the silver electrode
signiﬁcantly enhances the VOC, showing also the importance of
optimizing the metal contacts for this type of solar cells.
In this contribution, we combine the efﬁcient solution
processable solar absorber materials, copper indium sulﬁde
nanoparticles [33] and the conjugated polymer PCDTBT [34,35]
in hybrid solar cells and compare a regular device architecture with
an inverted architecture regarding the performance of the solar
cells. Additionally, we present ﬁrst results on the stability of these
solar cells. In both architectures, we use TiOx as hole blocking layer,
whereas the V2O5 and MoO3 interlayers are compared to PEDOT:
PSS as electron blocking layer. The widely used PEDOT:PSS hole
transport layer has often been considered as a lifetime-limiting
component due to its acidity and hygroscopic nature. In the regular
architecture the uptake of water may lead to swelling of the
interlayer and in succession to delamination of the device or may
facilitate corrosion of the ITO electrode [36]. In the inverted
architecture morphological changes in the adjacent Ag layer due to
Ag2S particle formation and migration have been observed, leading
to a reduction of the Ag layer thickness and an electrode
disconnection [37]. Metal oxides like V2O5 [38], MoO3 [38], WO3
[39] or NiOx [40] have been successfully introduced to replace
PEDOT:PSS as hole transport layer in organic solar cells and an
improved stability in air has been demonstrated [41–43].
2. Experimental
2.1. Materials
Copper and indium xanthates (copper O-2,2-dimethylpentan-
3-yl dithiocarbonate, indium O-2,2-dimethylpentan-3-yl dithio-
carbonate) have been synthesized by Aglycon Dr. Spreitz KG,
Austria, based on a published protocol [24] and recrystallized from
chloroform/methanol. PCDTBT (poly[[9-(1-octylnonyl)-9H-carba-
zole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-n situ route using metal xanthates as precursors for the formation of metal sulﬁde
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Inc., Canada. Titanium(IV)isopropoxide (Ti(OiPr)4, 97%), ethanol-
amine (98%), 2-methoxyethanol (99.8%), vanadium(V)oxytriiso-
propoxide (VO(OiPr)3) and MoO3 (99.98% metal basis) were
purchased from Sigma Aldrich and used without further puriﬁca-
tion. Two different formulations of PEDOT:PSS (poly(3,4-ethyl-
enedioxythiophene)-poly(styrenesulfonate)), Clevios P VP.Al
4083 and Clevios HTL Solar, were obtained from Heraeus, Germany.
Elemental titanium (wire, 99.99%) and silver (wire, 99.99%)
were obtained from ABCR. ITO-coated glass slides (10 V/sq) were
obtained from Xinyan Technology Ltd., Hong Kong.
2.2. Solar cell preparation
ITO-coated glass slides were cleaned in isopropanol in an
ultrasonic bath followed by O2 plasma cleaning (FEMTO, Diener
Electronic, Germany).
2.2.1. Regular architecture
Variation a: The PEDOT:PSS hole extraction layer (Clevios P VP.
Al 4083, Heraeus) was spin coated (2500 rpm, 30 s) on the
substrates and subsequently heated to 150 C for 10 min in a glove
box (resulting layer thickness: 40 nm).
Variation b: The MoO3 hole extraction layer (10 nm) was
thermally evaporated at a rate of 0.1–0.5 Å/s under high vacuum
(5 106 to 1 105mbar, residual gas: N2)
Variation c: The V2O5 hole extraction layer was prepared by spin
coating (3000 rpm, 30 s) 1.25 vol.% VO(OiPr)3 in isopropanol on the
substrates and hydrolyzed in air at room temperature for 1 h.
For the preparation of the absorber layer, a precursor solution
consisting of 5 mg/mL PCDTBT, copper xanthate (32.2 mg/mL,
1 equiv.) and indium xanthate (147.8 mg/mL, 1.7 equiv.) dissolved
in chlorobenzene was deposited by doctor blading (speed: 7.5 mm/
s, substrate temperature: 40 C). The thermal conversion was
carried out on a hot plate at 195 C for 15 min (15 min heating time
from room temperature to target temperature) under N2 (resulting
layer thickness: 70 nm).
TiOx interlayers (approx. 4 nm) were prepared via oxidative
evaporation of titanium under medium vacuum conditions
(1 103mbar, residual gas: air). Finally, the silver cathodes were
deposited under high vacuum (5 106 to 1 105mbar, residual
gas: N2) via thermal evaporation through a shadow mask. The
active area of the devices was 0.09 cm2.
2.2.2. Inverted device architecture
For the preparation of the TiOx ﬁlms on the glass/ITO substrates,
a precursor solution containing 70 mL titanium isopropoxide,
55 mL ethanolamine and 1 mL 2-methoxyethanol was used. The
precursor solution was applied onto the cleaned and plasma
treated ITO substrates by spin coating (4000 rpm). Subsequently,
the substrates have been annealed for 1 h at 470 C in ambient
conditions in a tube furnace.
The absorber layer was prepared as described in Section 2.2.1
with the only alteration that the speed during the doctor blading
step was 10 mm/s. This slightly higher speed was necessary to
obtain similar absorber layer thicknesses in the regular and
inverted device architectures due to different wetting properties of
the precursor solution on the TiOx and PEDOT:PSS ﬁlms.
Optionally, additional layers have been introduced. For the
preparation of CIS interlayers (between TiOx and PCDTBT-CIS
absorber layer) copper and indium xanthates were dissolved in
chlorobenzene in the same ratio and concentration as for the
absorber layer but without PCDTBT and doctor bladed (10 mm/s) at
40 C. The thermal conversion was done similarly to the PCDTBT-
CIS absorber layer (resulting layer thickness: 60 nm). For the
preparation of the additional PCDTBT layer (between PCDTBT-CISand the PEDOT:PSS or MoO3 layers) a 1 mg/mL polymer solution in
chlorobenzene was doctor bladed (10 mm/s) at 40 C.
Variation a: The PEDOT:PSS hole extraction layer (Clevios HTL
Solar, Heraeus) was spin coated (2500 rpm, 30 s) on the absorber
layer; no subsequent heating was applied.
Variation b: The MoO3 hole extraction layer (10 nm) was
thermally evaporated at a rate of 0.1–0.5 Å/s under high vacuum
(5 106 to 1 105mbar, residual gas: N2)
Variation c: The V2O5 hole extraction layer was prepared by spin
coating (3000 rpm, 30 s) 1.25 vol.% VO(OiPr)3 in isopropanol on the
absorber layer and hydrolyzed in air at room temperature for 1 h.
Silver electrodes were deposited under high vacuum (5 106
to 1 105mbar, residual gas: N2) via thermal evaporation through
a shadow mask. The active area of the devices was 0.09 cm2.
2.3. Characterisation
2.3.1. Solar cell characterisation
PCE values of prepared solar cells were determined from IV
curves recorded inside a glovebox directly after preparation using a
Keithley 2400 SourceMeter, a custom made LabVIEW software and
a Dedolight DLH400D lamp. Irradiation intensity (100 mW/cm2)
was calibrated with a pyranometer (Kipp & Zonen).
The external quantum efﬁciency (EQE) was measured as a
function of wavelength, using a monochromatic light source
(250 W tungsten ﬁlament lamp, passed through a monochroma-
tor), with a ﬁnal spot size smaller than the device active area. The
short-circuit current was recorded with a Keithley 2636A source
measure unit. Incident light intensity was continuously monitored
during measurement and referenced against a calibrated Si-
photodiode (Thorlabs Inc., SM05PD1A-cal).
2.3.2. SEM
Cross-sectional SEM images were recorded on a Zeiss Ultra
55 scanning electron microscope, which was operated at 2 kV to
prevent damage of the organic parts of the sample. The cross
sections of the solar cells were prepared by large area ion milling
using a Gatan Ilion+TM followed by coating with a thin carbon ﬁlm.
2.3.3. Lifetime tests
For the lifetime tests, the solar cells were encapsulated using a
light curable epoxy resin (Ossila EE1) and an additional glass slide
at the back of the solar cells. Stability data on encapsulated devices
were collected under permanent illumination of 1000 W/m2 using
a solar simulator (Steuernagel KHS SC1200) according to ISOS-L-1
(level 1 laboratory testing) [44].
During the lifetime tests, IV curves were measured in periodic
intervals of 30 min using an automated system. Between the
measurements, the devices were kept in open circuit conditions.
The used automated measuring system consisted of Keithley
2400 source meters, a Keithley 3706A multiplexer and custom
made LabVIEW based software. Irradiation intensity was calibrated
with a pyranometer (Kipp & Zonen) and monitored in intervals of
30 min using a Si-photodiode (Hamamatsu). The temperature of
the solar cells was approx. 55 C during the stability tests.
3. Results and discussion
Using an inverted device architecture, no low work function
electrodes like aluminum or calcium are necessary, which
improves the ambient stability of the solar cells and thus facilitates
device processing and characterization [45]. These advantages
have been extensively demonstrated for organic polymer-fullerene
solar cells in recent years and also roll-to-roll processing of organic
devices with respectable stabilities became viable due to the
inverted device design [46]. This motivated us to investigate the
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solar cells.
Initially, when the material system was introduced in 2011,
aluminum electrodes were used as cathode material [24].
However, due to the limited lifetime of the solar cells a thin silver
layer [47] or titanium-based interlayers [32] were introduced
between absorber layer and the Al cathode, or the aluminum
electrode was replaced by Ag electrodes in combination with Ti or
TiOx interlayers to improve the open circuit voltage of the solar
cells compared to bare Ag electrodes. The stability of the devices
could be signiﬁcantly improved using combined Ti/Ag or TiOx/Ag
electrodes, and promising lifetimes of approx. 4000 h with only
10% loss compared to the initial PCE values could be obtained.
However, the open circuit voltage still remained signiﬁcantly
lower. Typical values of the VOC of polymer-CIS hybrid solar cells
having Ag electrodes with Ti-based interlayers range between
440 and 450 mV [32], while using aluminum electrodes led to VOC
values up to 540 mV [24].
First, we focused on the inﬂuence of different hole transport
layers on the performance of solar cells in regular architecture. In
Fig. 2 typical IV curves of polymer-CIS solar cells prepared using
TiOx/Ag electrodes and PEDOT:PSS, MoO3 or V2O5, respectively, as
anode interlayers are presented. The highest VOC in this series
could be obtained with a PEDOT:PSS interlayer reaching 445 mV,
the V2O5 interlayer yielded only slightly lower values of approx.
435 mV. MoO3 as interlayer leads to VOCs of only 395 mV. Also the
highest photocurrents (8.6 mA/cm2) and ﬁll factors (55%) are
obtained with PEDOT:PSS interlayers. The corresponding values for
the other two investigated interlayers are lower, approx. 6.8 mA/
cm2 and 50%, respectively. This leads to PCE values of 2.1% for
devices with PEDOT:PSS interlayer and to 1.5 or 1.4% for the solar
cells with V2O5 or MoO3 (see also Table 1 and Table S1 in the
Supplementary data in which the mean values and standard
deviations of the best ten devices prepared in this study are
summarized).
Next, we focused on the preparation of inverted solar cells using
these different interlayers to study their performance in compari-
son to the solar cells in regular architecture. While the TiOx
interlayers are prepared by oxidative evaporation of titanium
under medium vacuum conditions (see Section 2.2.1) without any
additional annealing in the discussed devices with regular
architecture, the TiOx interlayers in the inverted device design
can be annealed at high temperatures.Fig. 2. IV curves of typical PCDTBT-CIS hybrid solar cells in regular device
architecture with PEDOT:PSS, V2O5 and MoO3 as anode interlayers in the dark
(dashed lines) and under 100 mW/cm2 illumination (solid lines).In a ﬁrst step, we applied a PEDOT:PSS interlayer between the
absorber layer and the silver electrode to achieve the following
inverted device: glass/ITO/TiOx/PCDTBT-CIS/PEDOT:PSS/Ag. Fig. 3A
shows typical IV characteristics of these devices. When measured
directly after the preparation, VOC as well as ISC of these devices are
rather low (black curve in Fig. 3). However, after several hours of
light soaking (overnight; characteristic samples were selected and
encapsulated between glass slides using UV-curable epoxy resin)
under continuous AM1.5 illumination (100 mW/cm2) both values
increased signiﬁcantly, an ISC of slightly above 10 mA/cm2 was
obtained and the VOC increased from 300 mV to 550 mV. The FF
(36%) is lower in the inverted devices compared to the ones in
regular geometry, which leads also to a PCE of 2.1%. This PCE is
comparable to the devices with TiOx/Ag electrodes prepared
within this study in regular architecture.
Without having a low work function electrode in an inverted
device architecture, the obtained VOC value of 550 mV is even
slightly higher than the VOC-values (540 mV) of devices in regular
architecture with aluminum electrodes [24]. Comparing the
characteristic parameters of the solar cells prepared in inverted
and regular geometry, it is apparent that the FF is signiﬁcantly
lower in the inverted architecture. This originates from a higher
series resistance and lower shunt resistance of the device which
might be because of the thicker TiOx ﬁlm (20 nm instead of 4 nm
for the regular architecture) or a slight decrease of the conductivity
of the ITO layer because of the annealing process. Interestingly,
light soaking of the prepared inverted solar cells improves the VOC
and ISC rather than the FF, as it is reported for inverted polymer-
fullerene solar cells [48,49]. However, this might be related to the
fact that the IV curves do not have a pronounced inﬂection point in
the initial measurement before light soaking as commonly
observed in polymer-fullerene solar cells.
When comparing the EQE spectra of devices with regular and
inverted architecture (Fig. 4), it is observed that the shape of the
EQE spectrum looks slightly different, even though the same
PCDTBT-CIS absorber layer is used in the devices. In the wavelength
range from approx. 650–850 nm, the photocurrent is generated in
the CIS phase, as the used polymer PCDTBT has a band gap of 1.9 eV
[35] and a corresponding absorption onset slightly above 650 nm.
At wavelengths lower than that, the photocurrent stems from both
the polymer and the CIS phase and a peak around the absorption
maximum of PCDTBT is observed in the EQE spectrum. Compared
to the device with regular architecture, the more pronounced
increase in the EQE spectrum of the inverted device around 450 nm
is most likely due to optical effects in the device stack consisting of
several thin ﬁlms or a more pronounced contribution of the CIS
phase to photocurrent generation in this wavelength range in the
solar cell in inverted architecture. The absorption spectra of a
PCDTBT, a CIS and a PCDTBT-CIS nanocomposite ﬁlm and the non-
normalized EQE spectra can be found in the Supplementary data
(Figs. S1–S3).
By replacing PEDOT:PSS with V2O5 as hole extraction layer in
the inverted architecture, it was not possible to prepare any
working solar cells up to now. There are two possible reasons for
that. First, the liquid precursor solution of VO(OiPr)3 in isopropanol
might diffuse into the underlying absorber layer and thus leads to
short circuits in the devices. Second, the precursor has to be
oxidized in ambient conditions for one hour, which could also
induce oxidative degradation. However, due to the very low series
resistance observed in these devices, the ﬁrst reason is more likely
to cause the problems to achieve diode characteristics in the
inverted devices prepared with V2O5 interlayers.
Using MoO3 as anode interlayer bears the advantage in the
device fabrication that the absorber layer does not have to be
brought in contact with an aqueous solution when coating of the
PEDOT:PSS-layer or with isopropanol when applying the V2O5
Table 1
Characteristic solar cell parameters of PCDTBT-CIS hybrid solar cells prepared in regular (reg.) and inverted (inv.) device architecture with different interlayers.
Interlayers VOC/mV ISC/mA/cm2 FF/% PCE/% Rs/V cm2 Rsh/V cm2
PEDOT:PSS 445 8.64 55.5 2.13 9.8 464
reg. MoO3 395 6.94 50.3 1.38 12.3 471
V2O5 435 6.83 50.8 1.50 12.3 555
PEDOT:PSS 549 10.3 36.3 2.08 27.9 141
inv. CISa/PEDOT:PSS 507 6.19 36.6 1.17 45.4 200
CISa/PCDTBTb/PEDOT:PSS 543 6.11 36.4 1.25 45.0 190
MoO3 – – – – – –
inv. CISa/MoO3 229 5.45 32.6 0.41 24.9 80
CISa/PCDTBTb/MoO3 440 6.09 43.8 1.18 23.9 289
a CIS layer is introduced between TiOx and the absorber layer.
b PCDTBT layer is introduced between the absorber layer and the PEDOT:PSS or MoO3 interlayer.
Fig. 3. IV curves of PCDTBT-CIS hybrid solar cells in inverted device architecture
using PEDOT:PSS as anode interlayer directly after the preparation and after several
hours of light soaking.
Fig. 4. Comparison of the EQE spectra of a device with regular architecture (glass/
ITO/PEDOT:PSS/PCDTBT-CIS/TiOx/Ag) and one with inverted architecture (glass/
ITO/TiOx/PCDTBT-CIS/PEDOT:PSS/Ag).
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devices in inverted architecture with MoO3 hole extraction layers
have been consistently short circuited. As no solvents are involved
in the deposition of the MoO3 interlayer, which could interfere
with the hybrid absorber layer, we assume that this is likely to bedue to MoO3 or silver contacting ITO/TiOx through the thin
absorber layers of these devices which are only between 60 and
80 nm. The MoO3 layers (10 nm) are much thinner as the PEDOT:
PSS ﬁlms (40 nm) and the thin MoO3 ﬁlms cannot even up possible
inhomogeneities or pinholes in the absorber layers as for example
a polymeric PEDOT:PSS ﬁlm can.
Therefore, in a further step, we incorporated an additional CIS
layer between the TiOx layer and the polymer-CIS absorber layer to
counteract short circuiting of the device. This concept is also
applied in the closely related materials system P3HT-CdS prepared
using the xanthate route, additionally observing an increase in VOC
by the incorporation of a CdS layer [15].
The solar cells with an additional CIS layers exhibited diode
characteristics and the achieved photocurrents are comparable to
solar cells in regular architecture with MoO3 interlayers. However,
the ﬁll factor and especially the VOC with 229 mV are signiﬁcantly
reduced yielding to power conversion efﬁciencies of 0.4%. In a next
step we additionally place a layer of pure PCDTBT between the
nanocomposite layer and the MoO3 layer resulting in the following
sequence in the absorber layer: CIS/PCDTBT-CIS nanocomposite/
PCDTBT. This stack leads to an increase in all solar cell parameters
with a VOC of 440 mV, an ISC of 6 mA/cm2 and a ﬁll factor of 44%
resulting in a PCE of almost 1.2% after light soaking. The results
obtained for this series of inverted solar cells prepared with MoO3
interlayer can be found in Fig. 5 and Table 1.
In the case of the solar cells with CIS interlayer, the reason for
the lower VOC is mainly the poor stability of the device most likely
due to partial short circuiting of the device (possibly due to direct
contact of cathode and anode through pinholes in the absorber
layer), which we think could be also the reason for the fact that we
could not successfully realize diode characteristics with solar cells
with MoO3 interlayer without additional CIS or PCDTBT layer. In
this solar cell, the VOC decreased from 325 mV to 229 mV during
light soaking, which we ascribe to an increased leakage current and
a decreased shunt resistance in the device. In the solar cell with CIS
and PCDTBT interlayer, the light soaking showed a positive effect
on ISC, VOC as well as FF.
As the incorporation of an additional CIS and PCDTBT layer has
increased the performance of the solar cells using MoO3, we also
introduced these layers in inverted devices with V2O5 and PEDOT:
PSS as hole extraction layer. However, it was still not possible to
obtain working solar cells with V2O5 interlayers. Thus, we think
that the chosen solution based route for the preparation of the
V2O5 interlayer is not ideal in the inverted architecture, while we
obtained working devices in the regular device design. In the case
of PEDOT:PSS as anode interlayer, functioning solar cells have been
obtained. The IV curves presented in Fig. 6A show that the
introduction of additional interlayers lead to a reduction of the
solar cell performance, especially the ISC exhibits only values of
approx. 6 mA/cm2, similar to the devices with MoO3 interlayer. The
VOC of the device with both additional layers (CIS and PCDTBT) has
Fig. 5. Characteristic IV curves of PCDTBT-CIS hybrid solar cells in inverted device architecture using MoO3 as anode interlayer directly after the preparation and after several
hours of light soaking. (A) glass/ITO/TiOx/CIS/PCDTBT-CIS/MoO3/Ag; (B) glass/ITO/TiOx/CIS/PCDTBT-CIS/PCDTBT/MoO3/Ag.
Fig. 6. IV curves of inverted devices using PEDOT:PSS as anode interlayer. (A) glass/ITO/TiOx/CIS/PCDTBT-CIS/PEDOT:PSS/Ag; (B) glass/ITO/TiOx/CIS/PCDTBT-CIS/PCDTBT/
PEDOT:PSS/Ag.
Fig. 7. Cross-sectional SEM images of PCDTBT-CIS hybrid solar cells in inverted architectures (A, B: glass/ITO/TiOx/PCDTBT-CIS/PEDOT:PSS/Ag and C, D: glass/ITO/TiOx/CIS/
PCDTBT-CIS/MoO3/Ag). Images A and C were acquired using an in lens secondary electron detector while images B and D were recorded using a back-scattered electron
detector.
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Fig. 8. Characteristic parameters (VOC, ISC, FF, PCE) over time of a glass/glass encapsulated inverted PCDTBT-CIS hybrid solar cell with different device architectures performed
under continuous illumination using a solar simulator (Pin in mW/cm2 over time is also shown in the graph). (A) glass/ITO/TiOx/PCDTBT-CIS/PEDOT:PSS/Ag; (B) glass/ITO/
TiOx/CIS/PCDTBT-CIS/PEDOT:PSS/Ag.
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two additional layers. Having only the additional CIS layer, the VOC
was found to be approx. 500 mV. The corresponding characteristic
parameters of the solar cells are summarized in Table 1. In the case
of MoO3 interlayers, these two additional layers are absolutely
necessary to circumvent short-circuiting. However, in the case of
the devices with PEDOT:PSS interlayer, these two additional layers
lead to a signiﬁcant reduction of the photocurrent stemming from
the limited mobility in the nanocrystalline CIS and PCDTBT in the
thicker device stack, which results in a higher series resistance in
the solar cells.
Due to the signiﬁcant differences in performance and stability
of the inverted devices using PEDOT:PSS or MoO3 interlayers, we
also investigated the device structure and the thicknesses and
homogeneities of the individual layers in the device stack using
SEM. Therefore, we selected an inverted device with a PEDOT:PSS
interlayer, and one with a MoO3 interlayer and an additional CIS
layer between TiOx and absorber layer. The SEM images of the cross
sections of the respective devices depicted in Fig. 7 show that the
layers are smooth and the thicknesses of the different layers are
homogenous. Images A and C are recorded using an in lens
secondary electron detector and for images B and D a back-
scattered electron detector was used to achieve better element
contrast. It can be noticed in the SEM images of both solar cells that
the PCDTBT-CIS absorber layer consists of brighter and darker
areas. The brighter areas represent the well mixed polymer-CIS
nanocrystal nanocomposite, while the darker areas are polymer
aggregates with very low concentration of or free from CIS
nanocrystals [30].
In the solar cell with the PEDOT:PSS interlayer, the ITO layer is
170 nm thick, the TiOx ﬁlm is about 15–20 nm. The PCDTBT-CIS
absorber layer has a thickness of 70 nm followed by a 40 nm thick
PEDOT:PSS ﬁlm and the Ag electrode (170 nm). In the solar cell
with the MoO3 interlayer and an additional CIS layer the following
thicknesses are found: ITO (170 nm), TiOx (15–20 nm), CIS (60 nm),
PCDTBT-CIS (60 nm), MoO3 (10 nm), Ag (140 nm). The Pt ﬁlm was
coated on the solar cells prior to ion milling to protect the device.
The images also reveal that the MoO3 interlayer is thinner than
10 nm in some areas of the sample (see left part of Fig. 7D), while
the PEDOT:PSS ﬁlm has a constant thickness of 40 nm over the
investigated sample area (Fig. 7B), which is supporting our
assumption of PEDOT:PSS being more effective than MoO3 inpreventing direct contact of Ag with the absorber layer or the
cathode in the case of possible pinholes in the absorber layer. Using
a thicker MoO3 interlayer might also prevent direct contact of
silver to the absorber layer or the other electrode, however, device
performance would be lowered by the thicker MoO3 interlayer
[38].
The open circuit voltages (up to 550 mV) obtained in the
inverted PCDTBT-CIS hybrid solar cells with PEDOT:PSS interlayer
and sliver electrode are the highest obtained so far for this material
system and it should be emphasized that this could be obtained
without using a low work function electrode (e.g. aluminum).
Therefore, we also started testing the lifetime of the devices with
PEDOT:PSS interlayers. The changes of VOC, ISC, FF and PCE of the
devices over time are summarized in Fig. 8. The solar cell without
additional CIS interlayer (Fig. 8A) shows stable behavior for 45 h of
continuous illumination, before the VOC of the device suddenly
decreased from 550 mV to 45 mV, most likely due to short
circuiting of the device due to diffusion/migration of silver, which
was also already observed before for polymer-CIS hybrid solar cells
with silver electrodes in regular device geometry [32]. A further
lifetime test of a device with the same architecture revealed a very
similar behavior. The VOC also suddenly decreased after approx.
65 h of illumination (see Fig. S2 in the Supplementary data).
The introduction of an additional CIS layer into the device stack
seems to prevent this behavior and thus the solar cell with CIS layer
shows relatively stable values for ISC and FF after a short burn in
phase of about 20 h and only a moderate decline for VOC leading to
a PCE reduction from 1.16% to 0.80% after 2500 h of continuous
illumination (see Fig. 8B). The minor irregularities in the ISC during
the lifetime test (from 180 h onwards) stem from changes in
illumination intensity caused by the lamp in this phase of the test.
4. Summary
By preparing PCDTBT-CIS hybrid solar cells in inverted device
architecture, open circuit voltages up to 550 mV could be obtained.
Using this hybrid nanomaterials combination this was so far only
possible using low work function metal electrodes like aluminum.
Using the inverted device design, the low work function metal
electrode could be replaced by silver electrodes in combination
with a PEDOT:PSS interlayer, without losses in open circuit voltage
and short circuit current. In the solar cells prepared in the regular
122 S. Dunst et al. / Synthetic Metals 222 (2016) 115–123design, the VOCs were limited to lower values (up to 445 mV).
However, in the inverted devices, the ﬁll factor is lower compared
to solar cells in regular geometry, which is limiting the PCE of the
inverted solar cells to 2.1% up to now. Working with MoO3 as
interlayer leads to similar photocurrents compared to solar cells
with PEDOT:PSS interlayer, however, the photovoltages are
signiﬁcantly lower.
Solar cells in inverted architecture having a PEDOT:PSS
interlayer and an additional CIS layer show good stability and
maintain their high open circuit voltage over hundreds of hours of
continuous illumination. Due to the shorter lifetime of the device
without CIS layer, we suspect that diffusion of silver through the
absorber layer leading to short circuiting of the device is a crucial
factor limiting the solar cell lifetime. In further research, we will
closely study this issue and will elaborate strategies to modify the
silver electrode (with e.g. a Ti interlayer) or to completely replace it
to further improve long-term device stability of this type of solar
cells.
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